1. Introduction {#sec1}
===============

The most studied inhibitors of the papain family are the cystatins. They are present in mammals, birds, insects, plants, and protozoa. They function both intracellularly and extracellularly. Cystatins are competitive, reversible, and tight binding protein inhibitors which display structural and functional similarities. They serve a protective function by regulating the activities of endogenous proteinases, which if not regulated may cause uncontrolled proteolysis and damage to cells and tissues. On the basis of homology, inhibition of target enzymes and presence or absence of disulphide bonds, cystatin superfamily has been divided into three families. Family I also called as stefins include members of low molecular weight proteins (approximately 11 KDa), which lack disulphide bonds and carbohydrate content. This family includes cystatin A, cystatin B, stefin C, and stefin D. Family II known as cystatin family is represented by the inhibitors of a bit larger molecular weight proteins (approximately 13 KDa) compared to stefins and possesses disulphide bonds towards carboxyl terminal. This family comprises cystatins C, D, S, SN, E, F, and M. Family III or kininogens are higher molecular weight inhibitors containing both disulphide linkage and carbohydrate content. They are found only in blood plasma. There are three distinct types of kininogens designated as high molecular weight kininogen HK (MW120 KDa), low molecular weight kininogens LK (MW 50--70 KDa), and T-kininogen found only in rat plasma \[[@B1]\].

Among the bovines there are several species including cow and buffalo and their cystatins were isolated from various organs, mostly from cow and characterized including stefins A, B, and C \[[@B2]\]. Complete amino acid sequence of stefin A, stefin B, and stefin C has been determined which were isolated from bovine thymus \[[@B2]--[@B4]\]. According to the nomenclature, stefin C is a member of the stefin family (family I) and should not be confused with cystatin C, a member of the cystatin family (family 11).

Many endogenous compounds that exist in human bodies can bind with drugs to form stable complexes, which interfere with the functions of regulating proteins directly or indirectly \[[@B5], [@B6]\]. In addition, the effectiveness of drugs depends on their binding ability. It has been shown that the distribution, free concentration, and the metabolism of various drugs may be strongly affected by drug proteins interaction in the blood stream \[[@B7]--[@B10]\]. Drug interactions in most cases significantly affect the apparent distribution volume of the drugs and also affect the elimination rate and determine the therapeutic affectivity of drugs \[[@B11]\].

Therefore, study of the interaction between proteins and drug molecules helps to provide basic information on the pharmacological action, biotransformation, and biodistribution of drugs \[[@B12]\]. Studying the interaction of drugs with proteins by the fluorescence techniques is commonly used because of its high sensitivity, rapidity, and ease of interpretation.

Several reports have been published using this technique for the interaction of proteins with drugs \[[@B13]--[@B15]\].

An antidepressant is a psychiatric medication used to alleviate mood disorders and major depression. Drugs including the monoamine oxidase inhibitors (MAOIs), tricyclic antidepressants (TCAs), selective serotonin reuptake inhibitors (SSRIs), and serotonin-norepinephrine reuptake inhibitors (SNRIs) are most commonly associated with the term.

Fluoxetine (trade name Prozac) is an antidepressant of the (SSRI) class (selective serotonin reuptake inhibitor) ([Figure 1](#fig1){ref-type="fig"}). Fluoxetine is approved for the treatment of major depressions, anorexia nervosa, and panic disorder \[[@B16]\]. The bioavailability of fluoxetine is relatively high (72%), and peak plasma concentrations are reached in 6 to 8 hours. It significantly binds to plasma proteins, mostly albumin. Fluoxetine is metabolized in the liver by isoenzymes of the cytochrome P450 system; only one metabolite of fluoxetine, norfluoxetine (demethylated fluoxetine), is biologically active. The extremely slow elimination of fluoxetine and its active metabolite norfluoxetine from the body distinguishes it from other antidepressants \[[@B17]--[@B19]\]. Understanding the downstream effects and complexity of protease inhibitors and their study with antidepressant is therefore a challenging but crucial part of protease function regulation because unexpected drug interactions with regulatory proteins in the cascade can have devastating effects on the safety profile of a drug.

2. Material and Methods {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

Papain 99% purity was obtained from Sigma Chemical Company (St. Louis, USA). Fluoxetine (an antidepressant drug) was purchased from Ranbaxy (India). The solutions were prepared in 50 mM phosphate buffer of pH 7.4. Salts of different metals, phosphate were purchased from Merck (India). The protein concentration was determined spectrophotometrically. All other materials were of analytical reagent grade and double distilled water was used throughout ([Figure 2](#fig2){ref-type="fig"}).

2.2. Apparatus {#sec2.2}
--------------

The absorbance spectra were recorded on a double beam Shimadzu UV-Vis spectrophotometer UV-1700 using a cuvette of 1 cm path length. Fluorescence measurements were performed on a spectrofluorometer Model RF-5301PC (Shimadzu, Japan) equipped with a 150 W Xenon lamp and a slit width of 10 nm. A 1.00 cm quartz cell was used for measurements.

2.3. Purification of Brain Cystatin {#sec2.3}
-----------------------------------

Fresh brain tissue (150 grams) was homogenized in 50 mM sodium phosphate buffer of pH 7.5 (30 mL) containing 1% NaCl, 3 mM EDTA, and 2% n-butanol. After centrifugation at 11000 rpm for 15 minutes at 4°C residue was discarded and the supernatant was further processed. The procedure involved a combination of alkaline treatment (pH 11.0), ammonium sulphate fractionation, and gel filtration chromatography. Buffalo brain was homogenized and fractionated with ammonium sulfate between 40--60%; it was then dialyzed against 50 mM sodium phosphate buffer pH 7.4 containing 0.1 M NaCl. Elution profile showed two protein peaks one major and one minor named as peak-I and peak-II. Peak-I corresponding to high molecular weight. Cystatin had significant inhibitory activity and protein content; however peak-II with insignificant proteins concentration and low inhibitory activity was not taken into consideration for further studies. Peak-I renamed as BC was then purified with fold purification of 384.72 and yield of 64.13%. Papain inhibitory fractions of peak-I were pooled, concentrated, and checked for purity. Five milliliter fractions were collected and assayed for protein by the method of Lowry et al. (1951) and inhibitory activity against papain was determined by the method of Kunitz (1947). Homogeneity of the preparation was investigated by 7.5% PAGE \[[@B20]\].

3. Spectroscopic Studies {#sec3}
========================

3.1. Fluorescence Spectra of Brain Cystatin with Fluoxetine {#sec3.1}
-----------------------------------------------------------

Brain cystatin (BC) (1 *μ*M) was incubated for 30 min with increasing concentration of drug in 0.05 M sodium phosphate buffer pH 7.5 in a final reaction volume of 1 mL at room temperature. Drug solutions were prepared in the same buffer. Fluorescence measurements were carried out on a Shimadzu Spectrofluorometer model RF-5301PC (Shimadzu, Japan) equipped with a 150 W Xenon lamp and a slit width of 10 nm at 298 K. The fluorescence was recorded in wavelength region 300--400 nm after exciting the protein at 280 nm. The slits were set at 10 nm for excitation and emission. The path length of the sample was 1 cm. The data was analyzed by Stern-Volmer equation.

3.2. Stern-Volmer Constant {#sec3.2}
--------------------------

The fluorescence quenching was analyzed by the Stern-Volmer equation $$\begin{matrix}
{\frac{F_{0}}{F} = 1 + K_{\text{sv}}\left\lbrack Q \right\rbrack,} \\
\end{matrix}$$ where *F* ~0~ and *F* are the fluorescence intensities in the absence and presence of quencher, respectively, *K* ~sv~ is the Stern-Volmer quenching constant, and \[*Q*\] is the concentration of the quencher.

3.3. Determination of Binding Constant \[*K*\] and Number of Binding Sites (*n*) {#sec3.3}
--------------------------------------------------------------------------------

When small molecules bind independently to set of equivalent sites on macromolecules, the equilibrium between free and bound molecules is given by the following equation \[[@B21], [@B22]\]: $$\begin{matrix}
{{\text{Log}\frac{\left( {F_{0} - F} \right)}{F}} = {\text{Log}K} + n{\text{Log}\left\lbrack Q \right\rbrack},} \\
\end{matrix}$$ where *K* and *n* are the binding constant and number of binding sites, respectively; thus a plot of Log⁡(*F* ~0~ − *F*)/*F* versus \[*Q*\] can be used to determine *K* as well as *n*.

3.4. Calculation of the Free Enthalpy Δ*G* {#sec3.4}
------------------------------------------

The determination of the change of free enthalpy based on the Van\'t Hoff equation: $$\begin{matrix}
{\Delta G = - RT{{\ln}K}\,\left\lbrack \frac{\text{J}}{\text{mol}} \right\rbrack,\quad\Delta G = - RT{{\ln}{K\,\,\text{Jmol}^{- 1}}},} \\
\end{matrix}$$ where *R* is the gas constant (8.314(J/mol × K))8.314 Jmol × K, *T* is the temperature \[K\], and *K* is the equilibrium constant.

3.5. UV Spectra of Cystatin in the Presence of Antidepressant {#sec3.5}
-------------------------------------------------------------

The UV measurement of brain cystatin in the presence and absence of antidepressants was made in the range of 200--300 nm and the inhibitor (cystatin) concentration was fixed at 1 *μ*M while the drug concentration was varied for different drugs to different extent. Absorption spectra were recorded on a double beam Shimadzu UV-vis spectrophotometer UV-1700 using a cuvette of 1 cm path length.

3.6. Activity Measurement of Brain Cystatin in the Presence of Drug Fluoxetine {#sec3.6}
------------------------------------------------------------------------------

The inhibitory activity of the purified inhibitor (BC) under native conditions was assessed by its ability to inhibit caseinolytic activity of papain by the method of Kunitz \[[@B23]\]. The inhibitor (1 *μ*M) was incubated with increasing concentrations of drugs at 25°C for 30 min before the activity was measured. Activity of untreated BC was taken as 100%.

4. Results {#sec4}
==========

4.1. Interaction of Fluoxetine with Brain Cystatin {#sec4.1}
--------------------------------------------------

### 4.1.1. Fluorescence Spectra of Fluoxetine with Brain Cystatin {#sec4.1.1}

In this study fluorescence spectra of Cystatin (1 *μ*M) in the presence of different concentrations of fluoxetine were recorded in the range of 300--400 nm upon excitation at 280 nm. The drug caused quenching of the intrinsic fluorescence of cystatin ([Figure 3](#fig3){ref-type="fig"}) with 10 nm of blue shift in wavelength. As the concentration of fluoxetine increases, fluorescence intensity decreases; maximum decrease in fluorescence intensity occurred at 2 *μ*M of drug concentration leading to quenching up to 51%. These results indicated that there were interactions between fluoxetine and cystatin (BC); moreover the binding reactions resulted in nonfluorescent complex.

### 4.1.2. The Fluorescence Quenching Data Was Analysed by the Stern-Volmer Equation as Described Earlier for Fluoxetine {#sec4.1.2}

*K* ~sv~ the Stern-Volmer quenching constant value indicates the affinity of binding obtained at 298 K where as in [Table 1](#tab1){ref-type="table"}.

4.2. Determination of Binding Constant (*K*) and Number of Binding Sites (*n*) {#sec4.2}
------------------------------------------------------------------------------

These values were calculated as described earlier in Methods section. The value of binding constant *K* was found to be 5.03 × 10^6^ mol^−1^ and the number of binding sites was equal to 1 for fluoxetine ([Table 1](#tab1){ref-type="table"}).

4.3. Δ*G* ^0^ of Interaction between Fluoxetine and Cystatin {#sec4.3}
------------------------------------------------------------

Free energy change (Δ*G* ^0^) of the interactions was calculated as described in Methods section. The value was found to be −38.2 KJ/mol showing the reaction to be spontaneous ([Table 1](#tab1){ref-type="table"}).

4.4. UV-Vis Absorption Studies of Fluoxetine Cystatin Complex {#sec4.4}
-------------------------------------------------------------

The interaction between fluoxetine and cystatin was also studied from UV-vis absorption spectral data. Cystatin concentrations were fixed at 1 *μ*M while the fluoxetine concentration was varied from 0.5 *μ*M to 2 *μ*M. Absorption spectra of cystatin in the presence of fluoxetine were recorded in the range of 200--300 nm. The UV absorption intensity of cystatin increased with the variation of fluoxetine concentration. UV absorbance spectra of cystatin, fluoxetine, and their complexes are shown in ([Figure 4](#fig4){ref-type="fig"}). Cystatin showed peak in the region 200--210 nm, while on complexation with fluoxetine profound changes were introduced and there was peak shift of 30 nm (red shift) with enhanced absorbance as compared to fluoxetine. The UV-vis absorption spectra were computed at all the Ffluoxetine concentrations. However, little change was noted between 0.5 and 2 *μ*M fluoxetine. The spectra obtained for cystatin interaction with 2 *μ*M, fluoxetine showed peaks at 240 nm, the gross conformation of BC at all concentrations of fluoxetine was not effected significantly \[[@B24], [@B25]\].

4.5. Inhibitory Activity of Brain Cystatin in the Presence of Fluoxetine {#sec4.5}
------------------------------------------------------------------------

The results obtained indicate that inactivation of brain cystatin by fluoxetine is concentration dependent. 1 *μ*M cystatin was incubated with increasing concentrations of fluoxetine (0.5--2 *μ*M) in 50 mM sodium phosphate buffer pH 7.5 at room temperature for 30 min; its inhibitory activity was determined by caseinolytic assay of papain \[[@B23]\]. The activity of native cystatin was taken as 100%. On interaction with 0.5 *μ*M fluoxetine, 48% loss of cystatin activity was noticed ([Table 2](#tab2){ref-type="table"}). However at 1 *μ*M drug concentration 52% of inhibitor activity was compromised, a drastic decline (90%) was noticed at 2 *μ*M Fluoxetine drug concentration, and the inhibitor retained only 10% of its original papain inhibition potential.

5. Discussion {#sec5}
=============

Cystatins are the inhibitors of cysteine proteinases, most of which form equimolar complexes with their target enzymes. Cysteine proteinase inhibitors of cystatin superfamily are present in a variety of tissues and body fluids of human beings and animals to regulate the activities of cysteine proteinases.

In addition to natural inhibitors some synthetic inhibitors like endopin 2C modified as serpinendopin 2C show selective inhibition of cathepsin L compared to papain or elastase \[[@B26]\]; other inhibitors like peptidyl-diazomethyl ketones are also useful irreversible inhibitors for inactivating cysteinyl proteinases in vitro and in vivo more effectively against cathepsin L than cathepsin S \[[@B27]\]. These peptidyl-diazomethyl ketone inhibitors have been found to be very fast and irreversible inhibitors of cysteine proteases \[[@B28]\]. Both peptidyl-diazoethyl and chloroethyl ketones were much less potent inhibitors for cathepsins B of the papain family of cysteine proteinases \[[@B29]\].

E-64 isolated from cultures of*Aspergillus japonicus* is a very strong and irreversible inhibitor of cysteine proteases \[[@B30], [@B31]\].

Cystatins the crucial inhibitors for proper brain functioning have been reported from several mammalian sources and an imbalance of proteinases (cathepsins) with their endogenous inhibitor cystatins is closely associated with senile plaque, cerebrovascular amyloid deposits, and neurofibrillary tangles in Alzheimer\'s disease. It has also been reported that cystatin C is present in high concentration in CNS and is suggested to play an important role in diseases of the brain \[[@B32]\]. A proteinase inhibitor is of physiological importance because inhibition is achieved at physiological concentration of the inhibitor in a sufficiently short time with negligible dissociation of the complex. Endogenous thiol proteinase inhibitors the cystatins constitute a powerful regulatory system for overall cellular activity of cysteine proteinases \[[@B33]\].

Moreover they are associated with several neurodegenerative diseases and pathological conditions including rheumatoid arthritis \[[@B34]\], osteoporosis \[[@B35]\], renal failure, and cardiovascular and cancer diseases \[[@B36], [@B37]\].

Fluoxetine is a selective serotonin uptake inhibitor which is clinically useful in treating depression and may also be useful for management of a variety of other psychiatric and metabolic derangements. Fluoxetine antagonizes the neurotoxic effects of p-chloroamphetamine, a compound that depletes serotonin \[[@B38], [@B39]\]. Fluoxetine is effective in the treatment of depression \[[@B40]\] and obesity \[[@B41]\].

Fluorescence technique has been widely used for drug-protein interaction studies \[[@B42], [@B43]\]. In this study the addition of increasing concentrations of fluoxetine caused a progressive reduction of the fluorescence intensity of the complex ([Figure 1](#fig1){ref-type="fig"}) with 10 nm of blue shift in the wavelength *λ* ~max⁡~ (emission maximum). Thus, the fluorescence was strongly quenched, whereas *λ* ~max⁡~ was decreased from 340 to 330 nm by the addition of 2 *μ*M of Fluoxetine, the shift in fluorescence intensity can reasonably be attributed to the increased hydrophobicity (or a decreased polarity) of the region surrounding the tryptophan site \[[@B13]\]. Similar spectral features were observed for the interaction of compound \[Zn(L~2~)(phen)\] with BSA.

Studies on the binding mechanism between protein and small molecules provide useful information. For example, a detailed characterization of drug-protein binding properties was essential for understanding the function of drugs and hence interest in drug-protein interaction has attracted much attention and the development of drugs based on inhibition of cystatins has advanced into clinical testing with targeting compounds \[[@B1]\].

The static type of quenching is indicative of a complex formation between the protein and the drug molecule.

Stern-Volmer equation is used to study the interaction of cystatin with fluoxetine. The interaction forces between proteins and ligands may comprise hydrophobic, hydrogen bonds, van der Waals, and electrostatic interactions \[[@B44]\]. The free energy change (Δ*G* ^0^) is estimated for the interaction of fluoxetine with cystatin which is shown in ([Table 1](#tab1){ref-type="table"}). The negative values of the free energy (Δ*G* ^0^) support the assertion that the binding process is spontaneous.

The UV-vis absorption difference spectra were computed at all the drug concentrations. However, profound changes were noted only for those obtained at 0.5--2 *μ*M fluoxetine ([Figure 4](#fig4){ref-type="fig"}). The spectra obtained for fluoxetine which interacted with 1 *μ*M cystatin show peaks at 240 nm with shift of 30 nm. The data was used for calculating the Stern-Volmer constant.

When 1 *μ*M Cystatin was incubated with increasing concentrations of the fluoxetine (0.5--2 *μ*M), its inhibitory activity decreased in concentration dependent manner. On interaction with 0.5 *μ*M fluoxetine 48% loss of cystatin activity was noticed ([Table 2](#tab2){ref-type="table"}). At 1 *μ*M drug concentration 52% of inhibitor\'s activity was compromised. A drastic decline (90%) was noticed at 2 *μ*M drug concentration.

This could be explained by the fact that fluoxetine is a competitive inhibitor of serotonin uptake which may interact with the same portion of the carrier protein responsible for the transport of serotonin; the structural features responsible for substrate-carrier protein recognition may be different from those responsible for inhibitor-carrier protein recognition \[[@B45]\]. From this study, accurate measurements of fluoxetine binding properties are expected to open the door to new avenues in the screening and design of appropriate antidepressant drugs that may be of importance in modern medical research. Additional studies are required to determine whether the structural overlap between fluoxetine and serotonin is biochemically and pharmacologically meaningful.
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![Structure of fluoxetine \[[@B13]\].](BTRI2014-319397.001){#fig1}

![Proposed work.](BTRI2014-319397.002){#fig2}

![Intrinsic fluorescence study of cystatin in the presence and absence of fluoxetine. BC (1 *μ*M) was incubated with various concentrations of fluoxetine varying from 0.5 *μ*M to 2 *μ*M for 30 min. The fluorescence was recorded in the wavelength region 300--400 nm, exciting the protein solution at 280 nm. The slits were set at 10 nm for excitation and emission. The path length of the sample was 1 cm.](BTRI2014-319397.003){#fig3}

![UV-vis spectroscopy of cystatin in the presence and absence of fluoxetine. BC concentrations were fixed at 1 *μ*M while the concentration of fluoxetine was varied from 0.5 *μ*M to 2 *μ*M. Absorption spectra of native BC and in the presence and absence of fluoxetine were recorded in the range of 200--300 nm, cuvette of 1 cm path length for 30 min in the final reaction volume of 1 mL in 0.05 M sodium phosphate buffer pH 7.5.](BTRI2014-319397.004){#fig4}

###### 

Different parameters of the drug fluoxetine obtained by Stern-Volmer equation for interaction with cystatin.

  -----------------------------------------------------------------------------------------------------------------
  Drug\        *K* ~sv~ \                 *K* \                 *n* \                       Δ*G* ^0^ \
  parameter    (Stern-Volmer constant)\   (binding constant)\   (number of binding sites)   (free energy change)\
               mol^−1^                    mol^−1^                                           KJ/mol
  ------------ -------------------------- --------------------- --------------------------- -----------------------
  Fluoxetine   0.5 × 10^6^                5.0317 × 10^6^        0.79                        −38.232

  -----------------------------------------------------------------------------------------------------------------

###### 

Inhibitory activity of brain cystatin in the presence of fluoxetine. The table shows changes in the inhibitory activity of brain cystatin after incubation for 30 min with increasing concentration of fluoxetine.  BC  (1 *μ*M) treated with varying concentrations of fluoxetine (0.5 *μ*M--2 *μ*M) for 30 min in the final reaction volume of 1 mL in 0.05 M sodium phosphate buffer pH 7.5.

  ----------------------------------------------------------------------
  S. number   Fluoxetine\                      \% Inhibitory activity\
              concentration                    remaining
  ----------- -------------------------------- -------------------------
  1           Cystatin alone                   100

  2           Cystatin + 0.5 *μ*M fluoxetine   52 ± 0.394

  3           Cystatin + 1 *μ*M fluoxetine     48 ± 0.770

  4           Cystatin + 1.5 *μ*M fluoxetine   25 ± 0.911

  5           Cystatin + 2 *μ*M fluoxetine     10 ± 0.518
  ----------------------------------------------------------------------

All data are expressed as mean ± S.E  for four different sets of experiments; statistical significance was conducted employing oneway ANOVA.   A probability level of 0.05 was selected showing results are significant.
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